Two Redundant Oscillatory Mechanisms in the Yeast Cell Cycle  by Cross, Frederick R.
Developmental Cell, Vol. 4, 741–752, May, 2003, Copyright 2003 by Cell Press
Two Redundant Oscillatory Mechanisms
in the Yeast Cell Cycle
feedback oscillator has been proposed for the embry-
onic cell cycle (King et al., 1996; Figure 1B). Cyclin-Cdk
is proposed to activate APC-Cdc20, APC-Cdc20 causes
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The Rockefeller University
1230 York Avenue
New York, New York 10021 degradation of cyclin, and APC-Cdc20 reverses back to
inactivity, allowing cyclin reaccumulation. A negative
feedback oscillator requires highly nonlinear interac-
Summary tions and delays to prevent settling into a stable state
(Murray, 1989). In the embryonic cell cycle, inhibitory
The cell division cycle requires oscillations in activity Cdk phosphorylation by Wee1, which is antagonized by
of B-type cyclin (Clb)-Cdk1 kinases. Oscillations are the Cdc25 phosphatase, may restrain Cdk enzymatic
due to periodic cyclin degradation by the anaphase- activation until cyclin has accumulated to a high level
promoting complex (APC) activated by Cdc20 or Cdh1, (O’Farrell, 2001). Also, there may be intrinsic delays in
and to cyclical accumulation of the Sic1 inhibitor. The the time required for APC phosphorylation and APC-
results presented here suggest that the regulatory ma- Cdc20 activation, even once a given level of Cdk activity
chinery controlling Clb kinase levels embeds two dis- is achieved (Georgi et al., 2002).
tinct oscillatory mechanisms. One, a “relaxation oscil- A second class of oscillators, called relaxation oscilla-
lator,” involves alternation between two meta-stable tors, requires two mutually antagonistic stable steady
states: Clb high/inhibitors (Sic1/APC-Cdh1) low, and states called “fixed points” (Murray, 1989). Transitions
Clb low/inhibitors high. The other, a “negative feed- between the fixed points can be controlled by outside
back oscillator,” involves Clb kinase activation of APC- input that varies slowly relative to the fast relaxation into
Cdc20, leading to Clb degradation. Genetic analysis one or the other of the fixed points.
suggests that these two mechanisms can function in- An oscillator of essentially this type was proposed to
dependently, and inactivation of both mechanisms is account for the budding yeast cell cycle (Nasmyth,
required to prevent mitosis. Computational modeling 1996), and formalized computationally (Chen et al.,
confirms that two such mechanisms can be linked to 2000). In this model (Figure 1C), the G1 fixed point is
yield a robust cell cycle control system. characterized by high APC-Cdh1, causing Clb2 (B-type
cyclin) degradation, and by accumulation of the Sic1
Introduction stoichiometric inhibitor. The G2/M stable fixed point is
characterized by high Clb2. This state is antagonistic to
Why Is There an Oscillator Controlling the G1 fixed point, because the high Clb2 levels cause
the Cell Cycle? inhibition of Cdh1 and Sic1 by phosphorylation, and the
The concept of a biochemical oscillator controlling the high cyclin levels in the G2/M fixed point also drive CLB2
cell cycle was proposed in 1980 (Hara et al., 1980). A transcription. Because the Clb inhibitors that stabilize
major component of this oscillator is cyclical proteolysis the G1 fixed point are themselves turned off by Clb
of cyclins, leading to oscillations in cyclin-dependent kinase, either state is stable once achieved. Cell growth
kinase (Cdk) activity (Evans et al., 1983; Murray and has been proposed (Chen et al., 2000; Futcher, 1996) to
Kirschner, 1989; Murray et al., 1989). Cdk activity oscilla-
destabilize the G1 fixed point by increasing expression
tions are probably essential for cell cycle control. This
of Cln G1 cyclins, because the Cln cyclins are immune
is because critical multistep processes including DNA
to Cdh1 and Sic1. The system then transits to the G2/replication and spindle morphogenesis/disassembly are
M fixed point. The G2/M fixed point may then be destabi-controlled by Cdk activity positively at one step and
lized by release of the Cdc14 phosphatase from thenegatively at another (Diffley and Labib, 2002; Stillman,
nucleolus (Cohen-Fix and Koshland, 1999; Pereira et al.,1996; Nasmyth, 1996; Stern and Nurse, 1996; Zachariae
2002; Shirayama et al., 1999; Shou et al., 1999; Steg-and Nasmyth, 1999). This couples a single oscillation
meier et al., 2002; Visintin et al., 1998, 1999). Releasedof Cdk activity with one complete execution of each
Cdc14 may then activate Sic1 and Cdh1 by dephosphor-process. Appropriate thresholds for Cdk regulation of
ylation (Visintin et al., 1998). The resulting drop in Clbthese steps (Iwabuchi et al., 2002; Stern and Nurse,
kinase allows cell division, resulting in a reduction in1996) imply that oscillations of Cdk activity will yield
cell size and thus reinstating the G1 fixed point evenalternating replication of chromosomes and segregation
after Cdc14 activity is restrained (Pereira et al., 2002).of these chromosomes into daughter cells. These con-
Hysteresis typical of control by a relaxation oscillatorstraints (Figure 1A) make cyclical occurrence of cell cy-
(Chen et al., 2000; Murray, 1989) was observed experi-cle events dependent on obligatory Cdk activity oscilla-
mentally (Cross et al., 2002).tions.
Here, I present experiments suggesting that the con-
trol machinery for the yeast cell cycle embeds both aWhat Kind of Oscillatory Mechanism Controls
negative feedback oscillator, dependent on Clb-depen-Cdk Activity?
dent phosphorylation and activation of APC-Cdc20Two fundamentally different oscillatory mechanisms
(analogous to the mechanism proposed for embryonichave been proposed to control the cell cycle. A negative
cell cycles), and the relaxation oscillator dependent on
alternation between two fixed points.*Correspondence: fcross@mail.rockefeller.edu
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Figure 1. Theoretical Oscillators
(A) The ability of Clb kinase to promote some
cell cycle events and inhibit others results
in obligatory oscillations in Clb kinase levels
(Nasmyth, 1996).
(B) The negative feedback oscillator mecha-
nism involves one component activating its
own inhibitor (Murray, 1989). The inhibitor
then drags the activator down, inhibitor activ-
ity then decays, and the activator can begin
to rise again to reset the cycle. Essentially
this mechanism has been proposed for the
embryonic cell cycle, with cyclin-Cdk activity
as the activator and APC-Cdc20 as the inhibi-
tor (King et al., 1996).
(C) The relaxation oscillator mechanism in-
volves alternation between two meta-stable
states. Specific values for the controlling pa-
rameters allow the system to relax rapidly into
one or the other of the states. Slow variation
in the controlling parameters will then result
in sudden switches of state. For the budding
yeast cell cycle, the alternative meta-stable
states are Clb kinase high, Cdh1/Sic1 low,
and the reverse. Transitions between the two
states are proposed to be triggered by Cdc14
activating Cdh1/Sic1, and cell growth leading
to Cln kinase activity inactivating Cdh1/Sic1
(Chen et al., 2000; Nasmyth, 1996).
(D) Potential coupling of the oscillator mecha-
nisms in (B) and (C). A Clb-Cdc20 negative
feedback oscillator (left; see [B]) can be com-
bined with a Clb-Cdh1/Sic1 relaxation oscilla-
tor (right; see [C]) by proposing that the Clb-
high state I of the relaxation oscillator actually
includes Clb-Cdc20 negative feedback inter-
actions, which may act as a limit cycle,
allowing a minimal replicative (S/M) cell cycle.
Results recovered from CDC16-A, CDC23-A, and CDC27-A
strains.
To further test APC-Cdh1 in the CDC16-A CDC23-ABlocking APC Subunit Phosphorylation Does Not
Interfere with Maintenance of APC-Cdh1 CDC27-A mutant, I blocked wild-type and mutant strains
with mating factor, a condition in which Clb2 proteolysisActivity, but May Interfere with Its Establishment
Rudner and Murray (2000) concluded that phosphoryla- is strongly dependent on Cdh1 (Visintin et al., 1997;
Schwab et al., 1997). Overexpression of CLB2 from thetion of APC subunits was required for full APC-Cdc20
activity, but not for APC-Cdh1 activity. Mutation of all GAL1 promoter led to strong Clb2 accumulation in both
these strains in the absence but not in the presence ofsignificant Clb2-Cdk-dependent APC phosphorylation
sites (in Cdc16, Cdc23, and Cdc27: the “APC-A” mutant) mating factor (Figure 2A). In contrast, GAL1-CLB2db
expression caused significant Clb2db accumulation insignificantly restricted Cdc20-APC interaction, and pro-
teolysis of Pds1 (predominantly a substrate of APC- mating factor-blocked cells of both genotypes; Clb2db
is largely immune to proteolysis by APC-Cdh1 (Amon etCdc20) was significantly inhibited by the APC-A muta-
tions (Rudner and Murray, 2000). In contrast to the de- al., 1994; Schwab et al., 1997; Wa¨sch and Cross, 2002).
Although there may be a slight defect in Clb2 proteolysisfects in APC-Cdc20, fully active APC-Cdh1 could be
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upon strong overexpression in the APC-A strains, the
result still shows that destruction box-dependent Clb2
proteolysis can be efficiently established in mating fac-
tor-blocked APC-A cells. Thus, the APC-A mutations do
not significantly interfere with APC-Cdh1 function.
In contrast, preventing APC phosphorylation may in-
terfere with transit to the high Cdh1 activity state, espe-
cially starting from high Clb2 levels. APC-A GAL-CLB2
cells arrested as binucleate large-budded cells when
CLB2 overexpression was induced with galactose (Fig-
ures 2B and 2C), and this arrest was maintained for
several hours even upon shutoff of GAL-CLB2 expres-
sion with glucose medium. (In this experiment, mating
factor was added to the glucose medium, to trap any
cells that divided in a G1, mononucleate unbudded
state.) APC-wt GAL-CLB2 controls rapidly divided and
arrested at the mating factor block under these condi-
tions. Clb2 proteolysis was strongly delayed in the
APC-A strain after a shift to glucose  mating factor
medium compared to the APC-wt strain (Figure 2C).
GAL-CLB2 expression was lethal in both APC-A and
cdh1 strains, but not in wild-type (Figure 2B and data
not shown). Thus, both Cdh1-dependent and APC phos-
phorylation-dependent mechanisms are required when
Clb2 is overexpressed.
Blocking APC Subunit Phosphorylation Makes
CDH1 Essential
APC-A strains retain complete dependence on Cdc20
for mitosis (data not shown), implying that Cdc20 must
be at least somewhat active in the APC-A background.
Rudner and Murray (2000) reached a similar conclusion
because APC-A mutant APC was partially but not com-
pletely defective in binding to Cdc20.
Thus, an APC target could be degraded in the APC-A
background due either to inefficient APC-Cdc20, or to
APC-Cdh1. If Cdh1 was substituting for inefficient APC-
Cdc20 in the APC-A background, then these mutations
might make Cdh1 essential. Indeed, in tetrad analysis,
cdh1 CDC16-A CDC27-A strains were inviable, and even
the double mutant CDC16-A cdh1 exhibited a strongFigure 2. Accumulation of Overexpressed Clb2 in Wild-Type and
reduction in spore viability (Table 1). APC-A clb5 cdh1APC-A Backgrounds
mutants and APC-A pds1 cdh1 mutants were still invia-(A) Wt strains with vector, integrated GAL-CLB2 (two strains) and
ble in tetrad analysis (data not shown). Thus, singly by-integrated GAL-CLB2-db (2151-7B, 2347-3C, 2151-7B-RW38-2,
2151-7B-RW39-1), or similar APC-A strains (2149-11B, 2347-24A, passing the need for APC-mediated degradation of Pds1
2149-11B-RW38-2, 2149-11B-RW39-1; all strains bar1) were or Clb5 was not sufficient to restore viability.
grown in YEP-raffinose to log phase. The cultures were split and The mitotic cyclin Clb2 is another APC target (Irniger
half of each was arrested with 0.1 M  factor for 2.5 hr. Galactose et al., 1995). It is degraded under control of APC-Cdh1
was added to all to 3% for 3.5 hr. The  factor-arrested cultures
and APC-Cdc20, and its degradation is essential forremained morphologically arrested throughout the time course. In
mitotic exit (Wa¨sch and Cross, 2002). Thus, a need forthe absence of  factor, both of the GAL-CLB2db cultures and the
GAL-CLB2 APC-A culture yielded budded and binucleate cell cycle Cdh1-dependent Clb2 degradation in the APC-A back-
arrest (data not shown). Clb2 levels in these cultures were deter- ground could account for inviability of APC-A cdh1 mu-
mined by immunoblotting. tants. This idea could be tested by mutating the Clb2
(B) Wt and APC-A strains, both containing integrated GAL-CLB2 KEN boxes, as this mutation specifically blocks Cdh1-
(strains 2147-3C, 2147-24A; both bar1; also analyzed in [A]) were
dependent rather than Cdc20-dependent degradationinduced with galactose for 3.5 hr as in (A), and then transferred to
(Hendrickson et al., 2001; Pfleger and Kirschner, 2000;YEPD factor (glucose to turn off additional GAL-CLB2 synthesis;
mating factor to arrest divided cells in the succeeding G1). At 1 hr Wa¨sch and Cross, 2002). KEN box mutation in the en-
intervals, aliquots were harvested and analyzed for the percentage dogenous CLB2 locus is consistent with full viability,
of unbudded cells and the percentage of binucleate cells by DAPI but it is lethal when combined with the APC-A mutations,
staining. The graphs show the average of two experiments. in a CDH1 background (Table 1). Thus, failure of degra-
(C) Clb2 levels after galactose induction and at 0, 1, 2, and 3 hr after
dation of Clb2 may be sufficient to account for APC-Ashift to YEPD   factor (protocol as in [B]).
cdh1 inviability.*, nonspecific bands used as loading controls.
The Sic1 stoichiometric inhibitor is activated upon
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Table 1. Genetic Interactions between Mutations Blocking Cdk Phosphorylation in CDC16 and CDC27, Mutations Blocking Cdh1-
Dependent Proteolysis, and SIC1
Glucose GalactoseTetrad Dissections on
CDH1 cdh1 CLB2-ken cdh1  high-copy SIC1 cdh1 cdh1  GAL-SIC1
CDC16-A CDC27-A 90 0 0 90 8 78
CDC16-A CDC27-wt 90 46 40 90 90 90
CDC16-wt CDC27-A 90 88 90 90 90 90
CDC16-wt CDC27-wt 90 90 90 90 90 90
The percentage viability of spores of various genotypes as determined in tetrad analysis. Viability percentages for the various genotypes were
scored assuming 2:2 segregation in tetrads with fewer than four viable spores. Dissection of asci was either on glucose medium (YEPD) or
on galactose medium (YEP-Gal) as indicated, at 30C. Because CDC23-A was unmarked, it was not scored in most of these experiments, but
control experiments indicated that the presence of CDC23-A versus CDC23-wt had little effect on these viabilities (data not shown). Complete
genetic data for these crosses are in Supplemental Tables S1–S6.
exit from mitosis along with Cdh1, and these proteins Two Pathways for Clb2 Proteolysis Defined
cooperate to regulate mitotic kinase activity in G1 (see by Genetic Epistasis
Introduction). Viable sic1 APC-A strains were readily cdh1 APC-A double mutants are inviable. Clb2-Cdc28
recovered in tetrad analysis (data not shown), increasing itself has been proposed to be the major kinase respon-
the specificity of the result of inviability of cdh1 APC-A. sible for APC phosphorylation (Rudner and Murray,
2000); therefore, cdh1 clb2 double mutants might be
predicted to be inviable, because inactivation of APC-
Rescue of APC-A cdh1 Inviability Cdh1 should lead to a requirement for Clb2-dependent
by Overexpression of SIC1 activation of APC-Cdc20. This synthetic lethality is ob-
If Clb2 is the target that must be degraded in a Cdh1- served (Supplemental Table S6, available at http://
dependent manner in the APC-A background, then the www.developmentalcell.com/cgi/content/full/4/5/
need for this degradation could be bypassed by over- 741/DC1): cdh1 clb2 double mutant spores (on glucose
expression of a Clb2 kinase inhibitor such as Sic1. Indeed, medium) were either inviable or formed very tiny colo-
a high-copy SIC1/URA3 plasmid or a GAL-SIC1 cassette nies, whereas single mutants and wild-type exhibited
efficiently rescued viable APC-A cdh1 segregants (Ta-
90% viability with robust growth. This result and the
ble 1). inviability of cdh1 APC-A mutants show that inactivation
Surprisingly, partial rescue of APC-A cdh1 inviability of either part of the proposed Clb2-Cdc20 negative feed-
was obtained simply by tetrad dissection on galactose back oscillator results in a requirement for Cdh1. cdh1
medium (rather than standard rich glucose medium, as
clb2 double mutants transformed with a high-copy
in the experiments above; Table 1). Rescue of growth
CDC20 plasmid exhibit partial rescue of their growth
defects in APC mutants by galactose medium was re-
defect (Supplemental Figure S1), consistent with the
ported previously (Irniger et al., 2000). Possible mecha-
idea that the main defect in this background is a defectnisms are discussed below (see Discussion). Despite
in activation of APC-Cdc20.this complication, the tetrad data clearly demonstrate
These genetic results are consistent with the idea thatspecific rescue of APC-A cdh1 inviability by GAL-SIC1,
cdh1 clb2 double mutants have difficulties in completingconsistent with the rescue by high-copy SIC1 plasmids
mitosis, but because the lethal block is somewhat leakyon glucose medium (Table 1).
(Supplemental Figure S1), I have not confirmed this byWhen transferred to glucose medium, GAL-SIC1
direct examination of the lethal phenotype; thus thisAPC-A cdh1 strains arrested in the first or second cell
conclusion is somewhat speculative.cycle as large budded cells (about 70% singly budded
In contrast to cdh1 clb2 lethality, APC-A clb2 mutantsand 30% multiply budded), with 2C DNA content (Figure
should be viable. This is predicted because the viable3A). About 60% of the cells were binucleate, based on
APC-A background already eliminates the possibilitypropidium iodide staining (data not shown). This rapid
of Clb2-mediated APC activation. Indeed, this mutantarrest suggests that inhibition of Clb kinase by Sic1 is
combination exhibited high viability and robust growthrequired in almost every cell cycle in this background,
(data not shown).to allow completion of mitosis. The nonuniformity of the
These genetic epistasis results are consistent witharrest with respect to nuclear division and budding is not
the idea of two parallel pathways allowing effective Clbunderstood at present. A similar rapid but nonuniform
degradation. One pathway may require Clb2 and thearrest was observed in an APC-A CLB2-ken CDH1 GAL-
APC phosphorylation sites. The other pathway may re-SIC1 strain (data not shown), confirming that failure of
quire Cdh1 and the Clb2 KEN boxes. Mutant back-Cdh1-dependent Clb2 degradation accounts for the
grounds singly or multiply inactivating a single pathwayCdh1 requirement in the APC-A background. Clb2 was
(APC-A clb2, cdh1, CLB2-ken) can be tolerated,present at relatively high levels in APC-A cdh1 or APC-A
whereas mutant backgrounds inactivating both path-CLB2-ken cells both in galactose medium and after a
ways (cdh1 clb2, cdh1 APC-A, CLB2-ken APC-A,shift to glucose medium (Figure 3B), approximately com-
CLB2db) are lethal. Rescue of each of these lethalparable to the levels resulting from deletion of the Clb2
destruction box. mutant combinations by SIC1 overexpression and/or by
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the Cdh1-dependent pathway may correspond to the
relaxation oscillator (Figure 1).
It was already proposed in 1995 that Clb2 was re-
quired for efficient APC activation, because clb2
cdc23-1 mutants were inviable even at permissive tem-
perature for cdc23-1 (Irniger et al., 1995). If the cdc23-1
mutation causes an enhanced requirement for phos-
phorylated APC (presumably for activation of APC-
Cdc20), then the cdc23-1 mutation at permissive tem-
perature could fall into the cdh1 epistasis group: that
is, cdc23-1 APC-A should be inviable like cdc23-1 clb2,
whereas cdc23-1 cdh1 should be viable. These ideas
were confirmed experimentally (Supplemental Table S5;
Schwab et al., 1997). These results can be interpreted
with the speculation that the cdc23-1 mutation preferen-
tially inactivates APC-Cdh1 at permissive temperature
(discussed in Supplemental Data).
Overall, these genetic results are readily explained by
the idea that Clb2-Cdk1 directly stimulates APC-Cdc20
activity by APC phosphorylation. It is important to note
that this has not been demonstrated biochemically in
the budding yeast system, although cyclin B-Cdk1 stim-
ulation of APC-Cdc20 has been shown with purified
human components (Golan et al., 2002).
Alternative Mechanisms for Clb-Cdk Inactivation
May Substitute for the Two Proposed
Oscillatory Mechanisms
If the minimal requirement for a successful cell cycle is
a sufficient oscillation in Clb-Cdk kinase activity, cell
viability might be attainable independent of the exact
mechanism by which this oscillation is achieved. This
may be the explanation for rescue of APC-A cdh1 invia-
bility by overexpression of the Clb-Cdk inhibitor Sic1
(see above). CDC6 is an essential replication protein
that has been proposed to have a second role as a Cdk
inhibitor (Elsasser et al., 1996; Weinreich et al., 2001;
Calzada et al., 2001). High-copy CDC6 rescued APC-A
cdh1 inviability, and rescue was dependent on the Cdk-
Figure 3. Characterization of APC-A cdh1 Arrest inhibitory N-terminal domain of Cdc6 (Figure 4). These
(A) Strains FC30-47 (trp::TRP1::GAL-SIC1) and FC38-2 (CDC16- results confirm the conclusion that high Clb-Cdk activity
6A:TRP1 CDC23-A-HA CDC27-5A:KAN-R cdh1::HIS3 ura3::URA3::
is responsible for arrest of APC-A cdh1 strains, using aGAL1-SIC1) were grown to log phase in YEPGal, and then centri-
second Clb-Cdk inhibitor. High-copy CDC6 also effi-fuged and resuspended in YEPD. At 0, 2, or 3 hr, aliquots were
ciently rescued CLB2db inviability (Supplementalharvested and processed for DNA flow cytometry. The percentage
of binucleate cells (see text) was determined by fluorescent micro- Data); CLB2db blocks mitotic exit due to prevention
scopic examination of the propidium iodide-stained cells used for of APC-Cdh1-dependent and APC-Cdc20-dependent
flow cytometry. Plating assays on YEPGal or YEPD solid medium Clb2 degradation (Wa¨sch and Cross, 2002).
during this time course indicated that arrest was essentially com-
High-copy CDC20 rescues APC-A cdh1 inviabilityplete by 2 hr of glucose incubation; at this time, the arrest was
(Figure 4), consistent with the idea that Cdc20 retainsreversible by plating on YEPGal in only about 30% of the cells (data
at least partial function in the APC-A background (seenot shown).
(B) Strains of the genotypes indicated above the lanes (all strains above). High-copy CDC20 also suppresses APC-A
also contained a GAL-SIC1 cassette) were grown to log phase in CLB2-ken inviability but not CLB2db inviability (Sup-
YEPGal, and then centrifuged and resuspended in YEPD. At 0, 2.5, plemental Data). This is expected, because Cdc20-
and 5 hr, aliquots were harvested and processed for Western blot
dependent Clb2 degradation requires the Clb2 destruc-using anti-Clb2 antibody. *, nonspecific band used as a loading
tion box but not Clb2 KEN boxes (Wa¨sch and Cross,control.
2002).
CDC20 overexpression suggests that the most signifi-
cant problem in these backgrounds is excessive Clb Sufficiency of CDC20-Dependent Mechanisms
for Viabilitykinase activity due to inefficient Cdc20, in backgrounds
where Cdh1 activity is absent or compromised. The cdh1 APC-A inviability suggests the possibility that inac-
tivation of the Cdh1-dependent relaxation oscillator re-Clb2-APC phosphorylation-dependent pathway may
correspond to the negative feedback oscillator, whereas sults in absolute reliance on the proposed Clb2-Cdc20
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Figure 4. Inviability of Cells lacking cdh1 and
Phosphorylation Sites in Cdc16, Cdc23, and
Cdc27 Is Rescued by SIC1, CDC6, or CDC20
Overexpression
(A) Strain 2156-1 (CDC16-6A::TRP1 CDC23-
A-HA CDC27-5A:KAN-R cdh1::HIS3 [YEp24-
URA3-CDH1]) was transformed with high-
copy LEU2 plasmids, either vector (RS425) or
containing CDC6, CDH1, or CDC20. Cultures
grown in Sc-leu were serially diluted on -leu,
-ura, or 5-FOA (selecting against the URA3-
CDH1 plasmid) and grown for 2 days at 30C.
(B) Strain FC38-2 (CDC16-6A:TRP1 CDC23-
A-HA CDC27-5A:KAN-R cdh1::HIS3 ura3::
URA3::GAL1-SIC1) was transformed with
high-copy number (RS425-based) or low-
copy number (RS415-based) LEU2 plasmids
containing the indicated genes. Cultures
grown in ScGal-leu were serially diluted on
YEPGal (GAL-SIC1 on) or YEPD (GAL-SIC1
off) and grown for 2 days at 30C.
negative feedback oscillator for viability. Cdh1-depen- Two Linked but Redundant Oscillators?
The results above suggest that efficient APC-Cdc20-dent Clb degradation is backed up by Sic1-dependent
Clb kinase inhibition, and sic1 cdh1 double mutant dependent degradation of Clb2 requires APC subunit
phosphorylation.spores are inviable in tetrad analysis (Schwab et al.,
1997; Visintin et al., 1997). In the absence of Cdh1 and Clb2-Cdk1 may directly phosphorylate the APC
(Rudner and Murray, 2000), suggesting the operation ofSic1, both proposed negative components of the relax-
ation oscillator are removed, and under these circum- a Clb2-Cdc20 negative feedback oscillator. In wild-type
cells, Cdh1 may carry out a nonessential second phasestances the hypothetical Clb2-Cdc20 negative feedback
oscillator may no longer be sufficient. To test the suffi- of Clb2 degradation (Wa¨sch and Cross, 2002; Yeong et
ciency “in principle” of Cdc20-dependent mechanisms al., 2000), but in APC-A mutants, the loss of the negative
to support a minimal Clb-Cdk oscillatory cycle, I asked feedback oscillator may make Cdh1-dependent Clb2
whether overexpression of CDC20 could rescue inviabil- degradation essential for mitosis. In the APC-A mutants,
ity of sic1 cdh1 double mutants. This result was obtained the activity of Cdh1 is presumably oscillating via the
(Supplemental Data), although the rescued strains dis- relaxation oscillator mechanism (Figure 2; see Introduc-
played a modest growth defect compared to SIC1- tion), even without the prior operation of the negative
expressing controls. feedback oscillator. Thus, I hypothesize that the yeast
The N-terminal Cdk-inhibitory domain of Cdc6 could cell cycle control machinery contains two potential os-
be an additional component of the relaxation oscillator, cillatory mechanisms, which can function indepen-
as it may be redundant with Sic1 and Cdh1 (Calzada et dently, but are linked in wild-type.
al., 2001), so I tested the ability of overexpressed CDC20
to rescue cdh1 sic1 cdc62-49 strains, again with a
positive result almost comparable to rescue by SIC1 A Computational Model Incorporating APC
Phosphorylation in Mitotic Control(Supplemental Data).
Thus, removal of all known Cdk-inhibitory compo- It is of interest to ask by computational modeling
whether a reasonable set of reaction mechanisms cannents of the relaxation oscillator (Cdh1, Sic1) as well as
of an additional candidate component (the Cdk-inhibi- in fact accommodate two such oscillators, satisfying the
constraints that they must be linked, but each capable oftory domain of Cdc6) is still compatible with an effective
cell cycle, provided CDC20 is overexpressed. Therefore, acting autonomously upon inactivation of the other. The
computational model of Chen et al. (2000) is a strongCdc20-dependent mechanisms may be sufficient for vi-
ability in the absence of the relaxation oscillator. initial attempt at realistic cell cycle simulation (Cross et
Yeast Cell Cycle Oscillatory Mechanisms
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al., 2002). I modified this model to incorporate Clb2- maximum increase or decrease each free parameter in
the model could tolerate before cyclical behavior was lost.dependent APC phosphorylation (Experimental Proce-
(This is a variant of the Barkai and Leibler [1997] test,dures). In the model, Cdc20 functions more efficiently
where combinations of multiple parameters changed, butwith phosphorylated than with unphosphorylated APC,
only by 2-fold). The wild-type model cycled even withbut the latter must still be sufficient to support cycling,
significant (frequently very large) changes of most of thebecause the APC-A mutant is viable. Other minor
free parameters (Figure 5C), so this model is reasonablychanges to the model are described in Experimental
robust.Procedures and Supplemental Data.
In contrast, the cdh1 and APC-A models were highlyThe overall circuitry of the model (Figure 5A) is that
sensitive to changes in many parameters (Figure 5C).Clb2 activates Cdc20 (with a delay due to both the
This lack of robustness may in some cases reflect thecheckpoint mechanisms and the requirement for APC
biology of the system. Indeed, the experiment that dem-phosphorylation), and Cdc20 then both directly drives
onstrated that Clb2 overexpression yielded a mitoticClb2 degradation as well as activates Cdh1 and Sic1.
block specifically in the APC-A background was per-The latter is a simplification of the requirement for Cdc20
formed following generation of this prediction. As a com-to activate Cdc14 release from the nucleolus; Cdc14
parison, the sic1 model was almost as robust as wild-then may activate Cdh1/Sic1 (Shirayama et al., 1999;
type, so the fragility of the cdh1 and APC-A modelsStegmeier et al., 2002). Cdh1 and Sic1 then control a
is not a general consequence of removing inhibitorysecond phase of Clb2 inhibition. Reduction of Clb2 ac-
elements from the model.tivity below a threshold value allows cell division and
I screened for single parameter changes that couldresets the system to G1. Escape from G1 is then via cell
rescue cycling in the cdh1 APC-A model (Supplementalgrowth driving CLN G1 cyclin and CLB5 S phase cyclin
Table S8). Such changes increased SIC1 synthesis, orexpression, with consequent Sic1/Cdh1 inactivation and
else increased the level or activity of Cdc20, consistentreaccumulation of Clb2. This circuitry contains elements
with experiment (see above). The required parameterof both the negative feedback oscillator and the relax-
changes were quite large (4- to 90-fold, geometric meanation oscillator, operating in tandem (Figure 5A).
14-fold), so cdh1 APC-A arrest is a robust prediction of
the model.Simulation of APC-A
cdh1 sic1 is also inviable in the model, although itAPC phosphorylation by Clb2 is not required for viability,
is predicted to yield arrest in mitosis, in contrast toalthough blocking this phosphorylation by the APC-A
experiment (Wa¨sch and Cross, 2002; Table 2). A screenmutation has moderate effects on the timing of Clb2
of single-parameter changes that could rescue cyclingaccumulation and cell cycle events, and causes hyper-
(Supplemental Data) yielded only large parametersensitivity to the mitotic spindle checkpoint (Rudner and
changes affecting Cdc20 levels or function, fitting withMurray, 2000). The APC-A computational model cycled
the experimental results of GALL-CDC20 rescue of sic1with higher Clb2 accumulation (Figure 5B), and exhibited
cdh1 inviability (see above).hypersensitivity to induction of the Cdc20-inhibitory
CLB2db mitotic arrest is also predicted by thespindle checkpoint (Supplemental Data).
model. Rescue of this arrest by SIC1 overexpression is
problematic (Table 2; Supplemental Data), although this
Simulation of APC-A cdh1
rescue works well experimentally.
The modeled cdh1 APC-A double mutant completely
blocks mitosis (Figure 5B). This mutant is rescued by Discussion
modeling high-copy but not low-copy CDC20 (Figure
5B), as in experiment (see above), because the overex- Redundancies in Cell Cycle Control
pressed Cdc20 functions at a low efficiency with un- Cell cycle control is highly redundant. At the lowest
phosphorylated APC. Modeled SIC1 overexpression level of redundancy, almost all of the cyclin genes are
also rescues. High-copy but not low-copy SIC1 also duplicated (Mendenhall and Hodge, 1998). At a higher
rescues (data not shown), as in experiment (Supplemen- level, control of mitotic cyclin activity in G1 is by both
tal Data). As expected, the cdh1 model is highly depen- Cdh1-dependent proteolysis and Sic1-dependent inhi-
dent on full activity of APC-Cdc20 (data not shown). In bition (Schwab et al., 1997; Schwob et al., 1994; Visintin
contrast to APC-A cdh1, simulating APC-A sic1 yielded et al., 1997). Also, transcriptional and proteolytic con-
cycling (data not shown), as in experiment. trols collaborate to redundantly enforce cell cycle-regu-
A comparison of simulations of these and other ge- lated abundance of many control proteins including
netic situations with experimental observations (Table B-type cyclins and Sic1 (Mendenhall and Hodge, 1998).
2; Supplemental Data) shows some similarities but also Here I show redundancy at a higher level still: two funda-
significant divergences, indicating that the modified mentally different oscillatory mechanisms may coexist
model is potentially useful although still a clearly imper- in the same cell, either of which may be sufficient to
fect guide. drive the required periodic rise and fall of mitotic cyclin-
Cdk activity.
Model Robustness
Robustness—insensitivity to moderate variations in pa- The Two Oscillators May Be Widespread
rameter choices (Barkai and Leibler, 1997)—has been in Eukaryotes
proposed as a characteristic of useful computational The two oscillatory mechanisms proposed here most
models. To assess robustness, I tested three models clearly differ in the sense in which the Cdc20/Cdh1 fam-
(standard wild-type, cdh1 [kdb2″ 0], APC-A [kaAPC ily member is regulated by its target Clb2-Cdk1. Clb2-
Cdk1 activates Cdc20, while inhibiting Cdh1. Many0], and for comparison sic1 [ksc1  ksc1″  0]) for the
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Figure 5. Cell Cycle Modeling
(A) Circuitry controlling the cell cycle in the modified model. Some aspects of the circuitry are not shown for simplicity. “Cln” abbreviates the
Cln3-Cln2 pathway; Clb5 is under transcriptional control of Cln3, and under posttranslational control by Cdc20 and Sic1 (Chen et al., 2000).
Transcriptional control of CDC20 and CLB2 (Experimental Procedures) is also not presented in the diagram. The box at left outlines the main
elements of the negative feedback oscillator, and the box at right outlines the main elements of the relaxation oscillator (Figure 1). The
formulation that both ongoing DNA replication and incomplete spindle morphogenesis directly inhibit Cdc20 is an oversimplification due to
the limited number of components in the model (no direct modeling of Pds1 or the mitotic exit network).
(B) Runs of parameter sets to simulate the indicated mutants (see Table 2). The simulated cell mass and Clb2 levels are indicated. The detailed
aspects of cell size, cell cycle times, and Clb2 accumulation vary significantly between different simulations; these differences have not in
general been evaluated. See Table 2 legend.
(C) Quantitative analysis of sensitivity of different models to parameter variations. Wild-type and mutant simulations were run with systematic
variation of all the free parameters in the model, to determine the maximum increase or decrease that the model could tolerate and still cycle
effectively (up to 256-fold tested). The cumulative distribution of parameters exhibiting a given level of tolerance is plotted for each model.
See Experimental Procedures and Supplemental Data for details.
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Table 2. Summary of Comparative Results from Modeling and Genetic Experiments
Modeled Genotype Parameter Changes Model Result Genetic Result Genetic Reference
cdh1 (or CLB2-ken) kdb2″: 2 → 0 Viable Viable Schwab et al., 1997;
Visintin et al., 1997;
Wa¨sch and Cross, 2002
APC-A kaAPC: 1 → 0 Viable; checkpoint Viable; checkpoint Rudner and Murray, 2000
supersensitive supersensitive
APC-A cdh1 kdb2″: 2 → 0 Inviable (mitotic arrest) Inviable (mixed arrest) Figures 3 and 4; Supple-
kaAPC: 1 → 0 mental Tables S1–S4
APC-A cdh1 kdb2″: 2 → 0 Viable Viable Supplemental Figure S3
[high-copy CDC20] kaAPC: 1 → 0
ks20: 0.005 → 0.05
ks20″: 0.06 → 0.6
APC-A cdh1 GAL-SIC1 kdb2″: 2 → 0 Viable Viable Figures 3 and 4; Supple-
kaAPC: 1 → 0 mental Table S4
ksc1: 0.02 → 0.15
sic1 cdh1 ksc1: 0.02 → 0 Inviable (mitotic arrest) Inviable (not mitotic arrest; Schwab et al., 1997;
ksc1″: 0.1 → 0 replication defect?) Visintin et al., 1997;
kdb2″: 2 → 0 Wa¨sch and Cross, 2002
CLB2db kdb2″: 2 → 0.1 Inviable (mitotic arrest) Inviable (mitotic arrest) Wa¨sch and Cross, 2002
kdp2p: 0.2 → 0
CLB2db kdb2″: 2 → 0.1 Inviable Viable Supplemental Figure S5
[high-copy SIC1] kdp2p: 0.2 → 0
ksc1: 0.02 → 0.2
ksc1″: 0.1 → 1
The model was run with the standard parameters or with the indicated additional parameter changes (Figure 5B). “Viability” is scored as the
ability to undergo repeated rounds of “cell division” at similar cell mass values. Spindle checkpoint supersensitivity of the APC-A model: see
Supplemental Data. kdb2″, kaAPC, ks20, ks20″, ksc1, kdb2p: rate constants for Cdh1-dependent Clb2 degradation, Clb2-dependent APC
activation (specific for APC-Cdc20), unregulated and regulated CDC20 synthesis, unregulated SIC1 synthesis, and Cdc20-dependent Clb2
degradation, respectively. Complete code for the model is available upon request. As with the original (Chen et al., 2000) model, the “daughter”
cell cycle is followed. The “mother” cell cycle can also be followed by a minor revision of the code (Supplemental Figure S2, legend). The
mother cell cycle is qualitatively similar for most of these situations, but it is less robust than the daughter cell cycle (for example, arresting
after a few cell cycles in either the APC-A or cdh1 models). This may occur because the model follows Hartwell and Unger (1977) in supposing
a steady increase of mass in successive mother cell cycles. Because of this lack of robustness of the mother model, I present results here
and in Figure 5B only for the daughter model. Difficulties in modeling CLB2db and its rescue by SIC1 overexpression are discussed in
Supplemental Data.
eukaryotic organisms contain clear orthologs to both (Figure 1D) may comprise an alternation between a sta-
ble G1 state enforced by Cdh1/Sic1, and a hypotheticalCdh1 and Cdc20, and in many cases there is biochemi-
Clb2-Cdc20-driven limit cycle controlling S/M. Cellscal evidence for conservation of the opposed modes of
within the S/M limit cycle may be driven back to theregulation of Cdh1 or Cdc20 by Cdk activity. For exam-
stable G1 fixed point based on the strength of the param-ple, in animal cells, APC-Cdc20 is positively regulated
eters controlling the relaxation oscillator. It is interestingby Cdk-dependent APC phosphorylation, whereas APC-
that in embryonic development, Cdh1-dependent APCCdh1 is inhibited by Cdh1 phosphorylation (Kotani et
appears only in later embryonic cell cycles, and thisal., 1999; Kramer et al., 2000; Shteinberg et al., 1999;
may provide these cells the possibility for regulated G1Yudkovsky et al., 2000). In embryonic cell cycles, the
accumulation and arrest (King et al., 1996; Jacobs etCdc20-dependent negative feedback oscillator may
al., 2002).predominate (Jacobs et al., 2002; King et al., 1996). In
The mechanics of oscillator linkage can come aboutsomatic cells, both systems may function, perhaps anal-
for two reasons. First, the Cdh1-dependent oscillatorogously to the budding yeast system analyzed here.
acts only on residual cyclin remaining after Cdc20-
dependent degradation (Wa¨sch and Cross, 2002; Yeong
Oscillator Linkage et al., 2000). Second, active Cdc20 is required for effi-
The two hypothetical oscillatory mechanisms appear to cient activation of Cdh1 (Cohen-Fix and Koshland, 1999;
be capable of independent function, as shown by viabil- Shirayama et al., 1999; Stegmeier et al., 2002; Visintin
ity of cdc20 clb5 pds1 cells on the one hand (Shirayama et al., 1998).
et al., 1999), in which the Cdc20-dependent oscillator The Cdc14 phosphatase is essential, and therefore
definitively cannot oscillate, and by viability of GALL- must play a role in both oscillatory mechanisms. Its role
CDC20 cdh1 sic1 cdc62-49 (Supplemental Data) on the in the proposed relaxation oscillator includes Cdh1/Sic1
other. Nevertheless, the two mechanisms are certainly activation (Visintin et al., 1998). Its role in the proposed
negative feedback oscillator is unknown, but Cdc14linked in the wild-type cell cycle. The linked oscillator
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probably has targets that are independent of Cdh1/Sic1 feedback oscillator and a relaxation oscillator can coex-
ist in a fairly simple set of equations, such that they(Wa¨sch and Cross, 2002). Some of these targets may be
involved in the negative feedback oscillator mechanism. are linked in tandem, but have the ability to function
independently. This model serves as a proof of principle,Incorporation of Cdc14 and these additional targets may
be required to solve the incorrect computational predic- although it remains a crude approximation of reality. In
addition to the problems noted above (Table 2; Supple-tion of mitotic arrest of cdh1 sic1 double mutants (Table
2; Supplemental Data). mental Data), problems noted in evaluation of the Chen
et al. (2000) model (Cross et al., 2002) remain. For exam-
ple, the model retains a dependence on checkpoint con-
Do Environmental Conditions Dictate the Choice trol for viability, despite the experimental viability of a
of Oscillator Mechanism? strain with all checkpoints monitoring DNA replication
Is it an accident of the circuitry that two different func- and spindle morphogenesis simultaneously disabled
tional oscillators are embedded within it? Or do these (Cross et al., 2002). The latter problem may reflect a
oscillators ever function independently in wild-type requirement for some highly nonlinear mechanism of
cells? The latter case would mean that their operations Cdc20 inhibition during mid-cell cycle that is met by the
would have been exposed to natural selection, which checkpoint mechanism in the models but that may work
would explain the fact that each works surprisingly well in some other way in cells.
in the absence of the other. With respect to the model’s predictive value, several
One clue could come from the effects of different of the experimental results reported here (cdh1 APC-A
carbon sources. In poorer carbon sources such as ga- inviability, APC-A GAL-CLB2 inviability, and GAL-
lactose instead of glucose, the relaxation oscillator may CDC20 suppression of cdh1 sic1 inviability) were seen
be significantly strengthened. This could occur physio- first in computer simulations. Thus, the model is useful
logically by mechanisms such as Sic1 hyperaccumula- as an exploratory tool even at its present crude level of
tion, as we observed very high levels of Sic1 in G1 cells development.
grown in poor carbon sources such as glycerol-ethanol A more sophisticated model, incorporating the mitotic
(M. Klovstad, and F.R.C., unpublished results). Poor me- exit network and Cdc14, and constrained by many ge-
dium may thus constitute a physiological equivalent to netic observations as well as by accurate cyclin and
the SIC1 overexpression cassette, restoring viability to Sic1 measurements (Cross et al., 2002), is under devel-
cells in which Cdh1 is removed and the negative feed- opment (K. Chen, L. Calzone, and J. Tyson, personal
back oscillator is crippled (cdh1 clb2, cdh1 CDC16-A). communication). The major computational predictions
Similarly, in some strain or mutant backgrounds, partial made here are also made by the new model (K. Chen, L.
rescue of CLB2db inviability (Wa¨sch and Cross, 2002) Calzone, and J. Tyson, personal communication). Thus,
can be observed on galactose medium (Supplemental these predictions may be rather insensitive to exact
Data). Rescue of some partial APC loss-of-function mu- parameters and specifics of model construction.
tants by galactose medium was reported previously (Ir-
niger et al., 2000).
Thus, I speculate that in poor growth conditions, the Experimental Procedures
relaxation oscillator may dominate, whereas in rich
Strain Constructiongrowth conditions, this oscillator may be largely by-
Standard methods were used throughout. All strains were isogenicpassed in favor of the negative feedback oscillator. Bud-
with W303. The APC-A mutations in CDC16, CDC23, and CDC27
ding yeast provides a natural experiment due to its (Rudner and Murray, 2000) were obtained from A. Murray. clb2,
asymmetric mode of division (Hartwell and Unger, 1977). cdh1, sic1, and cdc23-1 strains, and the TRP1::GAL-SIC1 cassette
were obtained from A. Amon; clb5::HIS3 and pds1::URA3 strainsIn poor medium especially, daughter cells are born very
from M. Shirayama; and the URA3::GAL-SIC1 cassette from R.small and have a long G1 period, probably characterized
Verma. CLB2-ken1,2 (K85A, E86A, N87A; K100A, E101A, N102A;by high Sic1 and Cdh1 activity. Mother cells are larger,
Wa¨sch and Cross, 2002), eliminating the two KEN boxes in CLB2,and have a much shorter G1 period. Growth in rich me-
was introduced into the CLB2 locus as described (Wa¨sch and Cross,
dium largely removes the asymmetry between mothers 2002). Integrating GAL-CLB2 plasmids (Wa¨sch and Cross, 2002)
and daughters, and correspondingly reduces Sic1 to were introduced by XbaI digestion. One single-copy GAL-CLB2 in-
tegrant was analyzed in a cross (x2347) with the APC-A mutationsvery low levels (inadequate for effective Clb-Cdk inhibi-
segregating; the results confirmed specific inviability on galactosetion except in small daughter cells; Cross et al., 2002).
medium of GAL-CLB2 CDC16-A CDC27-A. Segregants from thisThus, the relaxation oscillator may be specialized for
cross were used in the experiment shown in Figure 2. CDC6, CDH1,daughter cells, especially in poor medium, whereas the
and CDC20 plasmids were isolated from high-copy (2 ) plasmid
negative feedback oscillator may be specialized for libraries. Fragments from plasmids containing the relevant genes
mother cells, especially in rich medium. Because evolv- and at least 1 kb of flanking sequence on either side were subcloned
into RS415 (low-copy, CEN plasmid) or RS425 (high-copy, 2  plas-ing eukaryotic cells certainly experienced both rich and
mid; Christianson et al., 1992; Sikorski and Hieter, 1989). For SIC1,poor growth conditions, this speculative scenario could
I used an RS316-based plasmid (MT907; from M. Tyers) to makeexplain how two functional oscillators could be embed-
RS415- and RS425-based derivatives. CDC6 coding sequence withded in the cell cycle control machinery—both may have
a deletion of the Cdk-inhibitory domain (Weinreich et al., 2001; 2-
been exposed to natural selection at different times. 49) was obtained from M. Weinreich and subcloned into an RS425-
CDC6 plasmid. The cdc62-49 mutation was introduced into the
chromosome as an exact gene replacement; the characterization
Modeling Cell Cycle Control of this mutant (which differs significantly in the W303 background
Simple revisions to a previous computational model from the described behavior in BF264-15D; Calzada et al., 2001) will
be provided elsewhere.(Chen et al., 2000) can demonstrate how a negative
Yeast Cell Cycle Oscillatory Mechanisms
751
To test the ability of GALL-CDC20 to rescue cdh1 sic1 cdc62- Acknowledgments
49 inviability, I constructed sic1::HIS3 cdh1::LEU2 strains (CDC6-
wt or cdc62-49) carrying a pURA3-SIC1 plasmid, and additionally Thanks to A. Amon, A. Murray, R. Verma, M. Shirayama, M. Tyers,
and M. Weinreich for strains and plasmids. Thanks to K. Chen andcarrying integrated ADE2::GALL-CDC20 (Shirayama et al., 1999) or
TRP1::GAL-SIC1 (Wa¨sch and Cross, 2002). Plasmid loss was se- J. Tyson for many useful discussions and for providing unpublished
results. Thanks to E. Siggia for useful discussions of the model.lected on 5-FOA medium; FOA resistance was only obtained in
sic1::HIS3 cdh1::LEU2 strains carrying either GALL-CDC20 or GAL- Thanks to C. Li, A. Doty, and L. Schroeder for excellent technical
assistance. Funding was provided by PHS GM47238 and DARPASIC1. sic1::HIS3 cdh1::LEU2 genotypes were confirmed by PCR.
F30602-01-2-0572.
Other Methods
FACS, DAPI staining, galactose induction and shutoff, and Western Received: July 16, 2002
Revised: March 4, 2003blotting were performed as described (Wa¨sch and Cross, 2002).
Accepted: March 11, 2003
Published: May 5, 2003Computational Modeling
I used a set of differential equations that was provided by K. Chen
(Chen et al., 2000). These equations were coded for the program References
WinPP. WinPP was written by Bard Ermentrout (http://www.math.
pitt.edu/bard/bardware/binary/; look for winpp.zip and winppdoc. Althoefer, H., Schleiffer, A., Wassmann, K., Nordheim, A., and Am-
zip). The following equations merer, G. (1995). Mcm1 is required to coordinate G2-specific tran-
scription in Saccharomyces cerevisiae. Mol. Cell. Biol. 15, 5917–
dCDC20T/dt  (ks20  ks20″ * CLB2) 	 kd20 * CDC20T 5928.
Amon, A., Tyers, M., Futcher, B., and Nasmyth, K. (1993). Mecha-dCDC20/dt  ka20 * (CDC20T 	 CDC20) 	 (Vi20  kd20) * CDC20
nisms that help the yeast cell cycle clock tick: G2 cyclins transcrip-
kdb2p  0.05, ka20  1 tionally activate G2 cyclins and repress G1 cyclins. Cell 74, 993–
1007.
were modified as follows:
Amon, A., Irniger, S., and Nasmyth, K. (1994). Closing the cell cycle
circle in yeast: G2 cyclin proteolysis initiated at mitosis persists untildCDC20T/dt  (ks20  ks20″ * MCM) 	 kd20 * CDC20T
the activation of G1 cyclins in the next cycle. Cell 77, 1037–1050.
(CDC20 expression under Mcm control.) Barkai, N., and Leibler, S. (1997). Robustness in simple biochemical
networks. Nature 387, 913–917.
dCDC20/dt  (ka20 * APC  ka20″ * APC_P)
Calzada, A., Sacristan, M., Sanchez, E., and Bueno, A. (2001). Cdc6
* (CDC20T 	 CDC20) 	 (Vi20  kd20) * CDC20 cooperates with Sic1 and Hct1 to inactivate mitotic cyclin-depen-
dent kinases. Nature 412, 355–358.&ret;Chen, K.C., Csikasz-Nagy,
(Maximal Cdc20-APC activation requires APC phosphorylation.) A., Gyorffy, B., Val, J., Novak, B., and Tyson, J.J. (2000). Kinetic
analysis of a molecular model of the budding yeast cell cycle. Mol.
dAPC_P/dt  kaAPC * CLB2 * APC 	 APC_P * kiAPC
Biol. Cell 11, 369–391.
dAPC/dt  APC_P * kiAPC 	 kaAPC * CLB2 * APC Christianson, T.W., Sikorski, R.S., Dante, M., Shero, J.H., and Hieter,
P. (1992). Multifunctional yeast high-copy-number shuttle vectors.
(APC switches between phosphorylated and unphosphorylated Gene 110, 119–122.
forms depending on Clb2 and a constitutive inhibitory phosphatase.)
Cohen-Fix, O., and Koshland, D. (1999). Pds1p of budding yeast
has dual roles: inhibition of anaphase initiation and regulation ofkdb2p  0.2; ka20  0.06;
mitotic exit. Genes Dev. 13, 1950–1959.
ka20″  0.5; kaAPC  1, kiAPC  0.15 Cross, F.R., Archambault, V., Miller, M., and Klovstad, M. (2002).
Testing a mathematical model of the yeast cell cycle. Mol. Biol. CellThese changes were made for the following reasons:
13, 52–70.The value of 0.05 for kdb2p controlling Cdc20-dependent Clb2
Diffley, J.F., and Labib, K. (2002). The chromosome replication cycle.degradation in the Chen et al. (2000) parameter set appears too low,
J. Cell Sci. 115, 869–872.based on the rate of Cdc20-dependent, Cdh1-independent Clb2
degradation (Yeong et al., 2000; Wa¨sch and Cross, 2002). The pa- Elsasser, S., Lou, F., Wang, B., Campbell, J.L., and Jong, A. (1996).
rameter was changed to 0.2. CDC20 expression was placed under Interaction between yeast Cdc6 protein and B-type cyclin/Cdc28
control of the Mcm1, Clb2-dependent positive feedback loop (Al- kinases. Mol. Biol. Cell 7, 1723–1735.
thoefer et al., 1995; Amon et al., 1993; Prinz et al., 1998). The incorpo- Evans, T., Rosenthal, E.T., Youngblom, J., Distel, D., and Hunt, T.
ration of APC phosphorylation is discussed in the text and Supple- (1983). Cyclin: a protein specified by maternal mRNA in sea urchin
mental Data. Some changes were made in the handling of cell cycle eggs that is destroyed at each cleavage division. Cell 33, 389–396.
events (see Supplemental Figure S2), in order to allow more logical
Futcher, B. (1996). Cyclins and the wiring of the yeast cell cycle.handling of requirements for effective cycling (e.g., cell division
Yeast 12, 1635–1646.should strictly require previous budding, DNA replication, and spin-
Georgi, A.B., Stukenberg, P.T., and Kirschner, M.W. (2002). Timingdle morphogenesis). These revisions resulted in a requirement to
of events in mitosis. Curr. Biol. 12, 105–114.reduce two parameters by 25%, in order to attain viability of the
cdh1 mutant model (to match its experimental viability): kisbf, re- Golan, A., Yudkovsky, Y., and Hershko, A. (2002). The cyclin-ubiqui-
flecting the ability of Clb2 to turn off the SBF transcription factor, tin ligase activity of cyclosome/APC is jointly activated by protein
and ksb2, reflecting constitutive (Mcm-independent) CLB2 tran- kinases Cdk1-cyclin B and Plk. J. Biol. Chem. 277, 15552–15557.
scription. The rest of the model is identical to that of Chen et al.
Hara, K., Tydeman, P., and Kirschner, M. (1980). A cytoplasmic clock
(2000).
with the same period as the division cycle in Xenopus eggs. Proc.
In order to evaluate parameter flexibility, the model was trans-
Natl. Acad. Sci. USA 77, 462–466.
ferred to MatLab v. 6.5 (The MathWorks), using the numerical integ-
Hartwell, L.H., and Unger, M.W. (1977). Unequal division in Sacchar-rator ode23s. I wrote MatLab programs to systematically vary pa-
omyces cerevisiae and its implications for the control of cell division.rameters and automatically evaluate whether a reliable cyclical
J. Cell Biol. 75, 422–435.solution was attained.
A full equation set implementing the modified model coded for Hendrickson, C., Meyn, M.A., III, Morabito, L., and Holloway, S.L.
(2001). The KEN box regulates Clb2 proteolysis in G1 and at theWinPP or MatLab, as well as Excel spreadsheets analyzing the
parameter flexibilities, are available upon request. metaphase-to-anaphase transition. Curr. Biol. 11, 1781–1787.
Developmental Cell
752
Irniger, S., Piatti, S., Michaelis, C., and Nasmyth, K. (1995). Genes Stegmeier, F., Visintin, R., and Amon, A. (2002). Separase, polo
kinase, the kinetochore protein Slk19, and Spo12 function in a net-involved in sister chromatid separation are needed for B-type cyclin
proteolysis in budding yeast. Cell 81, 269–278. work that controls Cdc14 localization during early anaphase. Cell
108, 207–220.Irniger, S., Baumer, M., and Braus, G.H. (2000). Glucose and ras
Stern, B., and Nurse, P. (1996). A quantitative model for the cdc2activity influence the ubiquitin ligases APC/C and SCF in Saccharo-
control of S phase and mitosis in fission yeast. Trends Genet. 12,myces cerevisiae. Genetics 154, 1509–1521.
345–350.Iwabuchi, M., Ohsumi, K., Yamamoto, T.M., and Kishimoto, T. (2002).
Stillman, B. (1996). Cell cycle control of DNA replication. ScienceCoordinated regulation of M phase exit and S phase entry by the
274, 1659–1664.Cdc2 activity level in the early embryonic cell cycle. Dev. Biol. 243,
34–43. Visintin, R., Prinz, S., and Amon, A. (1997). CDC20 and CDH1: a
family of substrate-specific activators of APC-dependent proteoly-Jacobs, H., Richter, D., Venkatesh, T., and Lehner, C. (2002). Com-
sis. Science 278, 460–463.pletion of mitosis requires neither fzr/rap nor fzr2, a male germline-
specific Drosophila Cdh1 homolog. Curr. Biol. 12, 1435–1441. Visintin, R., Craig, K., Hwang, E.S., Prinz, S., Tyers, M., and Amon,
A. (1998). The phosphatase Cdc14 triggers mitotic exit by reversalKing, R.W., Deshaies, R.J., Peters, J.M., and Kirschner, M.W. (1996).
of Cdk-dependent phosphorylation. Mol. Cell 2, 709–718.How proteolysis drives the cell cycle. Science 274, 1652–1659.
Visintin, R., Hwang, E.S., and Amon, A. (1999). Cfi1 prevents prema-Kotani, S., Tanaka, H., Yasuda, H., and Todokoro, K. (1999). Regula-
ture exit from mitosis by anchoring Cdc14 phosphatase in the nucle-tion of APC activity by phosphorylation and regulatory factors. J.
olus. Nature 398, 818–823.Cell Biol. 146, 791–800.
Wa¨sch, R., and Cross, F.R. (2002). APC-dependent proteolysis of theKramer, E.R., Scheuringer, N., Podtelejnikov, A.V., Mann, M., and
mitotic cyclin Clb2 is essential for mitotic exit. Nature 418, 556–562.Peters, J.M. (2000). Mitotic regulation of the APC activator proteins
CDC20 and CDH1. Mol. Biol. Cell 11, 1555–1569. Weinreich, M., Liang, C., Chen, H.H., and Stillman, B. (2001). Binding
of cyclin-dependent kinases to ORC and Cdc6p regulates the chro-Mendenhall, M.D., and Hodge, A.E. (1998). Regulation of Cdc28
mosome replication cycle. Proc. Natl. Acad. Sci. USA 98, 11211–cyclin-dependent protein kinase activity during the cell cycle of
11217.the yeast Saccharomyces cerevisiae. Microbiol. Mol. Biol. Rev. 62,
Yeong, F.M., Lim, H.H., Padmashree, C.G., and Surana, U. (2000).1191–1243.
Exit from mitosis in budding yeast: biphasic inactivation of theMurray, J. (1989). Mathematical Biology, Third Edition (Heidelberg:
Cdc28-Clb2 mitotic kinase and the role of Cdc20. Mol. Cell 5,Springer-Verlag).
501–511.
Murray, A.W., and Kirschner, M.W. (1989). Cyclin synthesis drives
Yudkovsky, Y., Shteinberg, M., Listovsky, T., Brandeis, M., and Hers-the early embryonic cell cycle. Nature 339, 275–280.
hko, A. (2000). Phosphorylation of Cdc20/fizzy negatively regulates
Murray, A.W., Solomon, M.J., and Kirschner, M.W. (1989). The role the mammalian cyclosome/APC in the mitotic checkpoint. Biochem.
of cyclin synthesis and degradation in the control of maturation Biophys. Res. Commun. 271, 299–304.
promoting factor activity. Nature 339, 280–286.
Zachariae, W., and Nasmyth, K. (1999). Whose end is destruction:
Nasmyth, K. (1996). At the heart of the budding yeast cell cycle. cell division and the anaphase-promoting complex. Genes Dev. 13,
Trends Genet. 12, 405–412. 2039–2058.
O’Farrell, P.H. (2001). Triggering the all-or-nothing switch into mito-
sis. Trends Cell Biol. 11, 512–519.
Pereira, G., Manson, C., Grindlay, J., and Schiebel, E. (2002). Regula-
tion of the Bfa1p-Bub2p complex at spindle pole bodies by the cell
cycle phosphatase Cdc14p. J. Cell Biol. 157, 367–379.
Pfleger, C.M., and Kirschner, M.W. (2000). The KEN box: an APC
recognition signal distinct from the D box targeted by Cdh1. Genes
Dev. 14, 655–665.
Prinz, S., Hwang, E.S., Visintin, R., and Amon, A. (1998). The regula-
tion of Cdc20 proteolysis reveals a role for APC components Cdc23
and Cdc27 during S phase and early mitosis. Curr. Biol. 8, 750–760.
Rudner, A.D., and Murray, A.W. (2000). Phosphorylation by Cdc28
activates the Cdc20-dependent activity of the anaphase-promoting
complex. J. Cell Biol. 149, 1377–1390.
Schwab, M., Lutum, A.S., and Seufert, W. (1997). Yeast Hct1 is a
regulator of Clb2 cyclin proteolysis. Cell 90, 683–693.
Schwob, E., Bohm, T., Mendenhall, M.D., and Nasmyth, K. (1994).
The B-type cyclin kinase inhibitor p40SIC1 controls the G1 to S
transition in S. cerevisiae. Cell 79, 233–244.
Shirayama, M., Toth, A., Galova, M., and Nasmyth, K. (1999).
APC(Cdc20) promotes exit from mitosis by destroying the anaphase
inhibitor Pds1 and cyclin Clb5. Nature 402, 203–207.
Shou, W., Seol, J.H., Shevchenko, A., Baskerville, C., Moazed, D.,
Chen, Z.W., Jang, J., Charbonneau, H., and Deshaies, R.J. (1999).
Exit from mitosis is triggered by Tem1-dependent release of the
protein phosphatase Cdc14 from nucleolar RENT complex. Cell 97,
233–244.
Shteinberg, M., Protopopov, Y., Listovsky, T., Brandeis, M., and
Hershko, A. (1999). Phosphorylation of the cyclosome is required
for its stimulation by Fizzy/cdc20. Biochem. Biophys. Res. Commun.
260, 193–198.
Sikorski, R.S., and Hieter, P. (1989). A system of shuttle vectors and
yeast host strains designed for efficient manipulation of DNA in
Saccharomyces cerevisiae. Genetics 122, 19–27.
